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ABSTRACT 
A deep reflection-mode photoacoustic imaging system was developed and demonstrated to possess a maximum imaging 
depth up to 38 mm in chicken breast tissue. Using this system, structures in the thoracic cavity and vasculature in 
cervical area of rats were clearly imaged. Particularly, part of the heart was imaged. In the thoracic cavity, the right 
atrium imaged, which is one of deepest, was situated ~7 mm deep. In the cervical area, common carotid artery and 
jugular vein were imaged, which are appropriate for the study of oxygenation between artery and vein. In the abdominal 
cavity, the embedded structures of a kidney, spinal cord, and vena cava inferior were also clearly imaged in situ and in 
vivo. The depth of the vena cava inferior was as deep as ~15 mm in vivo. This study shows the depth capability of the 
system in animals. This imaging modality can be a useful tool to diagnose the disease of organs by assessing the 
morphological and functional changes in the blood vessels and the organs. 
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INTRODUCTION 
In the medical imaging, magnetic resonance imaging (MRI) and computed tomography (CT) have played an important 
role to diagnose cancer in internal organs by mostly inspecting the morphological changes (1). Recently, with an aid of 
contrast agents, those imaging methods can provide functional information like oxygenation in veins, blood flow, and 
blood volume (2, 3). Most importantly, they come to have an improved sensitivity (4-6). However, both imaging 
modalities are quite expensive and have a long acquisition time. In particular, CT is ionizing method and can cause 
cancer (7). In addition, without contrast agent, both imaging modalities have less sensitivity and reliability to detect early 
cancer (5, 6, 8-10). In early stage cancer, since angiogenesis is more dominant than morphological changes, optical 
imaging modality, which is highly sensitive to intrinsic optical contrast like hemoglobin, have a strong advantage over 
MRI and CT. Furthermore, it is capable of functional imaging, such as blood volume and oxygenation (11-13). But, 
purely optical imaging modalities have poor spatial resolution at deeper regions because of the overwhelming optical 
scattering in soft tissues. 
Photoacoustic imaging modality is an emerging and advancing technology in biomedical imaging overcoming the poor 
spatial resolution of purely optical imaging methods. Since photoacoustic imaging technology employs a pulsed laser 
light for the photoacoustic excitation, it is non-ionizing, safe, and highly sensitivity to optical contrast including 
endogenous and exogenous. In addition, this imaging technology has scalable ultrasonic resolutions (14-16) and provides 
good imaging depth ~5 cm in biological tissue (17) since it receives ultrasonic waves as the photoacoustic signals, which 
have much less scattering than optical scattering in soft tissues. Furthermore, it is relatively inexpensive method. With 
these fundamental advantages, this technology has been widely applied to the small animal imaging, such as vasculature 
imaging in skin (18-20), brain cortex imaging (21), and molecular targeted imaging (22). In this imaging technique, there 
are latest advances. Photoacoustic microscopy was developed in the reflection mode (23), and has produced plenty of 
remarkable structural and functional images in the skin (20, 24). This was proven to be more versatile to image various 
objects. With the same illumination geometry, optical detection based photoacoustic imaging system was also developed 
and has showed the vasculature images in the skin and the cortical surface of the mice brain (25). But, the imaging 
depths of both systems were limited to ~3 mm since they used low optical fluence for the photoacoustic excitation and 
higher central frequency ultrasonic detectors. To exceed this limited depth, the deep reflection-mode photoacoustic 
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imaging system was developed to image deeper structures and showed the preliminary organ images of a relative large 
rat in author’s previous work (26). Even though it demonstrated ~ 38 mm imaging depth by imaging a horse hair in 
chicken breast tissue, the preliminary images just showed the shallowly located organs. In particular, it didn’t show the 
internal structure of them either because of the high optical absorption of them. When an imaging object has higher 
optical absorption, photoacoustic signal is mostly generated on the surface of the object. This is the well-known 
challenge of the photoacoustic imaging. However, there are still plenty of organs that we can image according to their 
depth, location, configuration, and absorption. 
As the follow up study toward clinical application, we imaged various organs such as structures in the thoracic cavity 
and vasculatures in the cervical area of a rat. In the abdominal cavity, the embedded structures of a kidney were clearly 
imaged. In this study, we also show the depth capability of this imaging modality in small animals. We expect that this 
imaging technique can be a useful tool to diagnose diseases in organs by inspecting its structural changes. Especially, 
this will be good complement to current diagnosing imaging methods to detect early cancer based on their morphological 
and functional changes.   
 
METHOD AND MATERIAL 
1.1 Photoacoustic imaging system 
The schematic of the deep reflection-mode photoacoustic imaging system is shown in Figure 1. The main configurations 
of this system are a light illumination, a raster scanning, and a data acquisition. The light illumination employs a dark-
field ring-shaped illumination instead of a bright-field one. This illumination can give an efficient detection of the 
photoacoustic signals generated from deeper regions because of the reduced photoacoustic signal generation on the 
surface. The surface signals can interfere with those from deeper region and obscure the detection of deep signals. This 
illumination is formed by a concave lens, a spherical conical lens, and an optical condenser attached in an optical rail. To 
accomplish deeper imaging, it is important to deliver the higher optical energy within the maximum permissible 
exposure limitation (MPE: 31 mJ/cm2 at 800 nm) . Therefore, we used two prisms to deliver the laser light instead of an 
optical fiber, and broadened the beam sufficiently. 
 
 
Figure 1: The schematic of the deep reflection-mode photoacoustic imaging system employing the dark-field illumination. The 
optical part is for the dark-field and donut-shape illumination and the mechanical part is for the raster scanning. The signals 
received by an ultrasonic transducer are digitized by an oscilloscope and collected by a computer. 
 
To penetrate deeper in biological tissue, 800-nm optical wavelength was chosen in the near-infrared range for the 
photoacoustic excitation. This wavelength is suitable for structural image because it is isosbestic point of molar 
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extinction spectra of oxy- and deoxy-hemoglobin and insensitive oxygenation of the target. The light source was a 
tunable (720 nm – 830 nm) Ti:sapphire laser (LT-2211A, LOTIS TII) pumped by a Q-switched Nd:YAG laser (LS-
2137/2, LOTIS TII). Light pulses from this laser have a <15-ns pulse duration with a 10-Hz pulse-repetition frequency. 
Since the laser system has pulse-to-pulse fluctuations in energy, the energy of each pulse was measured by a photodiode 
(DET110, Thorlabs) and used for compensating the corresponding photoacoustic signal. 
For the photoacoustic signal detection, a 3.5-MHz or a 5-MHz central frequency ultrasonic transducer (V380, V308, 
Panametrics-NDT) was employed since lower frequency of ultrasound has less attenuation than higher one. We chose 
the spherically focused ultrasonic transducer since we employed the X-Y raster scanning mechanism to obtain 3-D data. 
Both transducers have a 4.95-cm and a 2.54-cm focal length, a 2.54-cm and a 1.91-cm diameter active element, and a 
70% and a 72% nominal bandwidth, respectively. The f-numbers (focal length / diameter of active element) of them are 
1.95 and 1.33, respectively. The 3.5-MHz central frequency ultrasonic transducer is good for deeper imaging since it has 
a longer focal length, and the 5-MHz one is suited to the high resolution imaging since it has lower f-number providing a 
better transverse resolution. The transducer was immersed in a water container, and scanned the object through a 5 cm x 
5 cm opening sealed with a thin clear membrane. For acoustic coupling between the object and the clear membrane, 
ultrasonic gel was used (Ultrasound Scanning Gel, Sonotech, Inc). The axial and the transverse resolution were ~144 µm 
and ~560 µm at 19 mm in 10% gelatin phantom containing 1% intralipid with the 5-MHz central frequency ultrasonic 
transducer (26). The SNR was measured to be 27 dB at 19 mm in the same gelatin phantom. 
The raster scanning was performed to obtain 3-D data using a XY linear translation stage (XY-6060, Danaher Motion), 
which was motorized and controlled by a computer. In the data acquisition, a continuous scanning was employed without 
signal averaging to shorten the acquisition time. The raster scanning and the data acquisition were synchronized with the 
photodiode signal, which was also used for the energy compensation. The PA signals from the object were first amplified 
by an amplifier (5072PR, Panametrics-NDT), and digitized by an oscilloscope (Tektronix TDS 5054) with 50 M 
sampling rate. 
 
1.2 Animal 
For internal organ imaging, Sprague Dawley rats weighing 120 ~ 390 g were used. The rat was initially anesthetized 
with a mixture of Ketamine (85mg/kg) and Xylazine (15mg/kg) for the hair removal procedure. The hair on the region of 
interest was gently removed using a commercial hair-removal lotion before imaging. For an in situ experiment, the 
animal was euthanized by pentobarbital overdose. For an in vivo experiment, the animal was kept under the anesthesia 
using a vaporized isoflurane anesthesia system (1L/min oxygen and 0.75% isoflurane, Euthanex Corp.) during all image 
acquisitions. Both PSO2 and the rate of heart were monitored using a pulseoximeter (NONIN Medical INC., 8600V). 
During image acquisitions, 8 ml of 0.9% saline was administered for hydration. After image acquisitions, the animal was 
also euthanized by pentobarbital overdose. All animal experiments were conducted in compliance with the guideline on 
the care and the use of laboratory animals from Washington University in St. Louis. 
 
RESULT AND DISCUSSION 
1.3 Photoacoustic vasculature imaging of the thoracic cavity and cervical area of a rat 
As the application of the deep reflection-mode photoacoustic imaging system, the structure in the thoracic cavity and the 
vasculature in the cervical area of a rat weighing ~400g were imaged. The rat was laid down on the animal holder with 
the chest upward. Forepaws were gently stretched out. Figure 2A is the non-invasive photoacoustic maximum amplitude 
projection (MAP) image of the thoracic cavity and the cervical area in situ. The structures are indicated with arrows and 
abbreviations: RC. Right common carotid artery, RE. Right external jugular vein, RI. Right internal Jugular vein, RA. 
Right atrium, BV. Blood vessels on the heart surface, BS. Blood vessel on sternum, ST. Sternum. Figure. 2B is the 
corresponding anatomical photograph of the thoracic cavity and cervical area taken after obtaining the PA image. Figure 
2C shows the blood vessels around ribs. Figure 2A shows the same blood vessels as those in Figure 2B and 2C. 
Photoacoustic B-Scan images are shown in Figure 2D, obtained at the dotted lines in Figure 2A. These B-Scan images 
show the depth of each structure. Right common carotid artery was situated at around 6 mm, and right atrium was 
located at around 7 mm. 
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Figure 2. Non-invasive photoacoustic imaging of the thoracic and the cervical area of a rat in situ. A, Photoacoustic MAP image. 
B, Corresponding anatomical photograph after imaging. C, Photograph of the rib cage flipped over. D, Photoacoustic B-Scan 
images corresponding to a, b, and c in Figure 2A. Structures: RC. Right common carotid artery, RE. Right external jugular vein, 
RI. Right internal Jugular vein, RA. Right atrium, BV. Blood vessels on the heart surface, BS. Blood vessel on sternum, ST. 
Sternum.. 
 
As shown in Figure 2C, the thoracic cavity was caged with the ribs and the sternum. The sternum is located right above 
the heart. With this reason and employing the raster scanning based on a single ultrasonic transducer, this imaging 
system has small windows where the ultrasonic transducer receive the PA signal from the internal structures through ribs. 
Therefore, in Figure 2A, heart and other structures were not clearly imaged.  
This structural image can give the information about the disease on blood vessels in the thoracic cavity even on the heart 
by inspecting the structural changes in them. Besides this structural information, this imaging can also provide the 
functional information like oxygen saturation and blood volume change to the endogenous and/or exogenous changes. 
Along with the small windows between ribs, breathing motion is another challenge in organ imaging in vivo. This 
irregular breathing changes the positions of internal organs including blood vessels and intestines. Inhale and exhale 
gating imaging can be a solution for this breathing motion. In particular, with those gating, a real-time ultrasonic array 
system will be the best solution for the breathing. In addition, this array system will receive the better photoacoustic  
signals through the small window than a raster scanning system. 
 
1.4 Photoacoustic kidney imaging of a rat in situ 
Another good application suitable for this imaging system is the kidney imaging of small animals. The major function of 
it is to remove wastes from the blood stream and excrete them. Also, it is deeply involved in the body homeostasis. The 
kidney of a rat weighing ~ 120 g was imaged noninvasively in situ with the same imaging set up. Figure 3A is non-
invasive photoacoustic saggital MAP image of the rat, showing the structures within the skin and the top surface of the 
kidney. Since the photoacoustic signal is depth-resolved, the MAP image can be constructed within a certain depths. 
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Figure 3. Non-invasive photoacoustic image of the kidney of the rat. A, Saggital MAP image of the structures between the skin 
and the top surface of the kidney. B, Saggital MAP image of the kidney, the spinal cord, and the vena cava inferior. C, Saggital 
MAP image below the kidney, showing the vena cava inferior only. D, Corresponding anatomical photograph with ribs intact.  
 
Figure 3A shows the blood vessels around the ribs and some parts of the liver. Those are well matched with anatomical 
photograph in Figure 3D. Figure 3B is the saggital MAP image formed with the rest of the same data, which shows the 
kidney, the spinal cord, and the vena cava inferior. In particular, the interlobar arteries of the kidney were clearly imaged. 
Those three structures are also in good match with the corresponding anatomical photograph in Figure 3D. To see the 
vena cava inferior more clearly, another saggital MAP image was constructed with the photoacoustic data below the 
kidney (Figure 3C). Figure 3C shows the vena cava inferior better excluding other features. Figure 4 is the axial MAP 
image, showing the depths of all structures. The kidney was located ~ 6 mm, the spinal cord was situated at ~ 5.5 mm, 
and the vena cava inferior is positioned at ~10 mm. 
 
 
 
Figure 4. Axial MAP image of the same rat as in Figure 3, showing the depths. 
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1.5 Non-invasive photoacoustic kidney imaging of a rat in vivo 
The breathing motion is again the challenge for this kidney imaging in vivo. This breathing changes the position of 
organs and interrupts the efficient photoacoustic signal generation. Despite of the breathing motion, we can still receive 
the photoacoustic signals. We acquired in vivo photoacoustic kidney image non-invasively (Figure 5A). Kidney and vena 
cava inferior were imaged. Spinal cord was out of field of view. Figure 5B is the corresponding anatomical photograph. 
Figure 5C is one of B-Scan images, showing the depth of the vena cava inferior. The depth of this blood vessel was ~ 15 
mm. This study shows the depth capability of the imaging system in the animal model, which has higher absorption and 
more heterogeneity than chicken breast tissue. It is also expected to be helpful to understand the function of the kidney. 
 
 
Figure 5. Non-invasive photoacoustic in vivo kidney image of a rat. A, Saggital MAP image. B, Corresponding anatomical 
photograph. C, Photoacoustic B-Scan image, showing the depth of vena cava inferior and breathing motion.  
 
CONCLUSION 
We successfully imaged the thoracic cavity and the cervical area of a rat using the reflection-mode photoacoustic 
imaging system. The part of the heart and right atrium were imaged in the thoracic cavity. The common carotid artery 
and jugular vein were also imaged. Whole heart was not clearly imaged since it was caged with the ribs and the sternum. 
Thus, this imaging system has small window to receive the PA signals from the heart. For abdominal imaging, we 
clearly imaged the interlobar arteries, the vena cava inferior, and the spinal cord in situ. Since in situ imaging has no 
breathing motion, every structure was clearly visualized. But, in vivo imaging didn’t produce as clear structures as in situ 
because it has the breathing motion. We also show the depth capability of the imaging system in the animal model. This 
study lays the foundation of the internal organ imaging in the photoacoustic imaging. In addition, this imaging technique 
can be a useful tool to study the abnormality and function of the organs toward clinical application 
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